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We previously identified a group of proteins that increase early i n  
Petunia hybrida calli subcultured on a low-cytokinin medium, un- 
like the calli subcultured on a high-cytokinin medium. The calli on 
the low-cytokinin medium do not regenerate (J.-P. Renaudin, C. 
Tournaire, B. Teyssendier de Ia Serve [1991] Physiol Plant 82: 
48-56). Two of these proteins, P21 and P17, have been identified by 
peptide sequencing and cloned. P21 is highly homologous to a 
group of thiol proteases, including barley aleurain, rice oryzain y, 
Arabidopsis SACZ, and mammalian cathepsin H. P17 is highly ho- 
mologous to a group of anionic peroxidases from potato and to- 
mato. A study of their expression in two P. hybrida lines, PC6 and 
St40, which differ in their ability to regenerate, showed that the 
genes for P21 and P17 are differentially expressed depending on the 
type and the age of the organ, with the highest expression in 
senescing leaves and in aged calli. The data are in favor of these 
genes being associated with an early step of senescence, which may 
be due, i n  part, to a reduction i n  total cytokinin. The two fetunia 
lines are, thus, functionally different concerning the action of cy- 
tokinin in two developmental phenomena: in vitro organogenesis 
and senescence. 

In vitro organogenesis is a complex, developmental path- 
way of plant tissues under the control of a large range of 
effectors, including, notably, growth substances, nutrients, 
and light (Thorpe, 1980). The duration of the biological 
response, spanning days and even weeks, and the paucity 
of genetic studies have notably contributed to our limited 
understanding of the control of in vitro organogenesis. 
Cytokinins are considered key regulators of the formation 
of vegetative buds in vitro, both when they are added in 
vitro (Skoog and Miller, 1957) and when they are synthe- 
sized endogenously (Estruch et al., 1991; Li et al., 1992). 
Our knowledge of cytokinin function still lags behind that 
of the other plant growth substances, although some 
progress has been made in this area recently (Binns, 1994). 

We have developed a biological system to search for mo- 
lecular markers of cytokinin action during in vitro organo- 
genesis (Renaudin et al., 1990). Microcalli grown from Petunia 
kybrida mesophyll protoplasts were induced to regenerate 
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buds, roots, or further calli according to the absolute concen- 
trations of auxin and cytokinin added to the culture medium, 
and the effect of cytokinin on vegetative bud formation was 
studied (Renaudin et al., 1990; Traas et al., 1990). The contin- 
uous presence of cytokinin was required for 2 weeks, until 
bud primordia were formed. Vegetative buds became visible 
at the end of the 3rd week of culture. The growth of calli 
during the first 2 weeks occurred to the same extent when the 
cytokinin concentration was lowered 10-fold, but primor- 
dium induction and vegetative bud regeneration were trig- 
gered only by the highest cytokinin concentration. 

2D SDS-PAGE patterns of total protein of Petunia calli 
cultured for various times in the presence of a high (i.e. 
leading to bud formation) or a low (i.e. leading only to 
callus growth) concentration of cytokinin were analyzed as 
a first step to understanding the cytokinin-controlled 
change in the developmental program. Five groups of pro- 
teins were identified that showed quantitative variation 
during culture (Renaudin et al., 1991). One group of four 
proteins accumulated early, during the 2nd week of cul- 
ture, only in calli cultured in the presence of the lowest 
cytokinin concentration. They remained nearly absent in 
calli grown at the highest cytokinin concentration. No mor- 
phological difference was visible at that time between calli 
grown at either cytokinin concentration. 

It was decided to characterize further the proteins of the 
latter group, since they seemed to be induced by the rela- 
tive reduction of cytokinin. We report here the identifica- 
tion of two of the four proteins as a thiol protease and an 
anionic peroxidase. They have been cloned, and their ex- 
pression, during callus regeneration and in whole plants, 
was assessed at the RNA level. The significance of the 
coordinated expression of these proteins in cytokinin-de- 
prived, nonregenerating callus will be discussed. 

MATERIALS A N D  M E T H O D S  

Plant Mater ia l  and in V i t ro  Cu l tu re  

Petunia hybrida protoplasts isolated from leaf mesophyll 
of axenically propagated plants of the lines PC6 and St40 

Abbreviations: ZD, two-dimensional; ZiP, S’-isopentenylad- 
enine. 
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were cultured for 1 week to induce the first division 
(Renaudin et al., 1990). Two- to four-cell colonies were then 
plated at low cell density, 100 cells mL-', in liquid medium 
C (Muller et al., 1983) in the presence of 1 p~ naphtalene 
acetic acid and 1 PM N6-benzylaminopurine. After a 
growth period of 21 d, the microcalli were transferred to a 
solid bud-regeneration medium (medium B) containing 
Murashige and Skoog's basal salts (Murashige and Skoog, 
1962), Morel and Wetmore's vitamins (Morel and Wet- 
more, 1951), 20 g L-' SUC, 53 g Lpl mannitol, 0.7% (w/v) 
agarose (Seakem LE, FMC Products, Rockland, ME), 3 mM 
(2-[N-morpholino]ethanesulfonic acid)-KOH, pH 5.8, 5 p~ 
IAA, and 25 p~ 2iP. The calli were cultured at 24°C in the 
light (9 pmol m-' s-' photon flux, 16-h photoperiod). 
Regeneration was not induced if cytokinin concentration 
was 2.5 p~ instead of 25 p~ 2iP in medium B. 

Protein Analysis by 2D-PAGE and 
Microsequencing 

Protein extraction, analytical 2D-PAGE, and densito- 
metric measurements of protein spots by image analysis 
were performed as previously reported (Renaudin et al., 
1991). For preparative 2D-PAGE, thioglycolic acid was 
added to the protein solubilization buffer and to the 
upper buffer during the 2D SDS-PAGE at a final concen- 
tration of 15 mM. Ampholyte concentration was in- 
creased in IEF preparative gels, compared with analyti- 
cal gels, to 1.2%, pH 5-7 (Bio-Rad), 1.2%, pH 6-8 
(Pharmacia), and 0.6%, pH 3-10 (Pharmacia). IEF and 
SDS gels were subjected to electrophoresis before load- 
ing the samples, for 30 min at 300 V and 2 h at 100 V, 
respectively. Preparative 3 X 135 mm IEF gels were 
loaded with 500 to 900 pg of protein. After staining with 
Coomassie blue (R250) and destaining, the proteins were 
electroblotted to a polyvinylidene fluoride membrane 
(Immobilon, Millipore) in a buffer of 50 mM boric acid, 
50 mM Tris-HC1 for 2 0  h at 35 V. The spots correspond- 
ing to proteins P21 and P17 (Renaudin et al., 1991) were 
incubated for 30 min at room temperature in 800 pL of 
methanol containing 0.2% (w / v) PVP. The membranes 
were rinsed four times with distilled water and once 
with 0.1 M Tris-HC1, pH 8.5. The proteins were partly 
digested with 4 pg of porcine pancreatic trypsin (Sigma) 
in 200 pL of 0.1 M Tris-HC1, pH 8.5, at 37°C for 5.5 h. The 
peptides recovered from the membrane were separated 
on a C18 reverse-phase HPLC column (Vydac, Separa- 
tions Group, Hesperia, CA) with a linear gradient from O 
to 70% acetonitrile in 0.1% TFA at a rate of 1 mL min-'. 
Peptides were detected by absorption at 215 nm, col- 
lected, and concentrated to 50 pL in vacuo. The concen- 
trated fractions were used directly for sequencing by 
automated Edman degradation using a gas-phase se- 
quencer (Applied Biosystems) (Bauw et al., 1987). 

RNA and DNA Extraction and Hybridization 

Total RNA was extracted from various parts of Petunia 
plants and calli by phenol-SDS extraction (Teyssendier de 
la Serve and Jouanneau, 1979). Total RNA was denaturated 

in 50% formamide and 2.2 M formaldehyde for 5 min at 
65°C and separated in 1.25% agarose gels containing form- 
aldehyde (Sambrook et al., 1989). DNA was isolated from 
plant leaves (Davies et al., 1980). After 12 h of hydrolysis by 
restriction enzymes, the DNA fragments were separated on 
0.8% agarose gels in 90 mM Tris-borate, 2 mM Na,-EDTA 
(Sambrook et al., 1989). 

After blotting onto membranes (Hybond N, Amersham), 
RNA and DNA were hybridized with probes 32P-labeled 
by random priming. Hybridization was performed in 0.9 M 

NaC1, 50 mM NaH,PO,, 5 mM Na,-EDTA, 10% dextran 
sulfate, 1% N-lauroylsarcosine, and 50% formamide. The 
probes were the PCR-amplified DNA corresponding to P17 
(PePerl, 615 bp) and to P21 (a 350-bp cDNA also used for 
the cloning of PeTh3) and a partial cDNA for tobacco 25 S 
rRNA (NT7, 191 bp, J.P. Renaudin, unpublished data). 
Hybridization was performed for 15 h at 42°C. The wash- 
ings were done successively for 20 min at 50°C in 0.45 M 

NaC1, 45 mM Na,-citrate (3X SSC), and 1% N-lauroylsar- 
cosine; for 20 min at 50°C in I X  SSC and 1% N-lauroylsar- 
cosine; and for 30 min at 60°C in 0.1X SSC. 

cDNA Amplification and Cloning 

Degenerate oligonucleotides were made from the partial 
sequences of two peptides from P21: 5'-GA(A/ G)GCIGGI- 
ATIGTI(A / T)(G / C)ICCIGTIAA-3' corresponding to the 
sense orientation of EAGIVSPVK and 5'-TTIA(A/ G)(C/ 
T)TC(A / G)TC(C /T)TCIGCICC-3' corresponding to the an- 
tisense orientation of GAEDELK; and of two peptides from 

corresponding to the sense orientation of GVVENAIN 
and 5'-TTIA(A/G)(A/G)TC(C/T)TG(A/G)TA(A/G)TA- 
IA-3' corresponding to the antisense orientation of 
VYYQDLN. These oligonucleotides were used as primers 
to amplify cDNA specific to the two proteins by PCR. Total 
RNA isolated from calli grown for 28 d in the presence of 
2.5 p~ ZiP, i.e. nonregenerating calli, was used as a tem- 
plate for single-stranded cDNA synthesis (BRL Superscript 
Preamplification System). Five microliters of single- 
stranded cDNA were diluted to 100 pL in 20 mM Tris-HC1, 
pH 8.4, 50 mM KC1, 2.5 mM MgCl,, 0.1 mg mL-' BSA, 0.2 
mM each of dATP, dCTP, dTTP, and dGTP, 1.3 p~ each of 
sense and antisense oligonucleotides, and 2 to 5 units of 
Taq polymerase. Five cycles of 30-s denaturation at 94"C, 
2-min annealing at 50"C, and 30-s extension at 72°C (+2 s 
per cycle) were followed by 30 cycles of amplification in the 
same conditions except for a lower annealing temperature 
of 40°C. Amplified cDNA with the expected size (350 bp 
and 620 bp for P21 and P17, respectively) were purified by 
agarose gel electrophoresis and cloned in a Bluescript I1 
KS( +)-derived T-vector (Marchuk et al., 1990). 

The cloned PCR products were used to screen about 
75,000 plaques of a Petunia flower cDNA library in 
AGEM 4 vector (Benton and Davies, 1977). Hybridization 
with probes 32P-labeled by random-priming (Quick 
Prime Kit, Pharmacia) was performed for 15 h at 60°C 
according to Church and Gilbert (1984). After subclon- 
ing, the DNA of positive plaques was isolated by a 
minipreparation procedure (Kao et al., 1982), and the 

P17: 5'-GGIGTIGTIGA(A/ G)AA(C / T)GCIAT(C/ T)AA-3' 
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cDNA were rescued as pGEMl derivatives by SpeI exci- 
sion from the DNA phages as recommended by the 
manufacturer (Promega). The excised phagemids were 
purified on gels and recircularized by ligation. The 
dideoxy method (Sanger et al., 1977; Sambrook et al., 
1989) was used for sequencing double-stranded DNA. 

RESULTS 

Microsequencing Led to the ldentification of Two Proteins 
lnduced by Lowering Cytokinin 

P21 and P17 belong to a group of four proteins that 
accumulate in Petunia calli under nonregeneration con- 
ditions because of a too-low concentration of cytokinin 
in the medium (Renaudin et al., 1991). They were puri- 
fied by 2D-PAGE and partly hydrolyzed into peptides by 
trypsin. N-terminal sequences of severa1 peptides were 
obtained for each of the two proteins. Three out of the 
five peptides from P21 (Fig. 1) were the most homolo- 
gous to aleurain and oryzain 7, thiol proteases from 
barley and rice, respectively (Rogers et al., 1985; Wa- 
tanabe et al., 1991). The four peptides from P17 (Fig. 2) 
were highly homologous to anionic peroxidases from 
potato (Roberts et al., 1988) and tomato (Roberts and 
Kolattukudy, 1989). 

Cloning of PeTh3, a Petunia cDNA for a Thiol Protease 

Three peptides from P21 could be aligned with thiol 
proteases, so we prepared degenerate oligonucleotides cor- 
responding to two of these peptides to amplify homolo- 
gous cDNA by PCR. A PCR fragment of 350 bp was am- 
plified and cloned. The predicted sequence was similar to 
thiol proteases in data banks (data not shown). This cDNA 
was subsequently used as a probe for the screening of a 
cDNA library from young Petunia flowers. Five clones of 
different lengths, from 1.0 to 1.4 kbp, were isolated from 
the library. The overlapping sequences were more than 
98% identical, suggesting that they all represented the 
same mRNA. The longest cDNA was called PeTh3. Its 
complete nucleotide and deduced amino acid sequences 
are shown in Figure 1. Its open reading frame, comprising 
1077 nucleotides, is likely to be complete, since the se- 
quence around the potential initiation codon is similar to 
ATG initiation consensus sequences in plants (Lütcke et al., 
1987). A11 five peptide sequences from P21 matched almost 
perfectly with the sequence translated from PeTh3, which 
favors the fact that this cDNA actually encodes P21. The 
only mismatch was between in the sequence translated 
from PeTh3 (Fig. 1) and an F in the peptide sequence from 
P21. The T144 is highly conserved between plant thiol pro- 
teases (Fig. 3), which suggests a protein sequencing error. 
Southern blot experiments showed that the PeTh3 se- 
quence was likely to be present as a single gene in the 
Petunia genome (data not shown). 

The protein encoded by PeTh3 is very similar to three 
thiol proteases, barley aleurain, rice oryzain y, and mam- 
malian cathepsin H (Table I). It is also very similar to 
SAG2, a senescence-associated thiol protease of Arabidop- 
sis (Hensel et al., 1993), of which only a partia1 sequence of 

M S R L S L L L V L V A 1 2  
GTT GCT GTC GTT ACA ATG TCT CGT CTG TCA CTC CTA TTG GTT CTA GTC GCC 51 

G L F A V A F A R T A N F A D E N P I 3 1  
GGT CTT TTC GCC GTC OCA TTC GCC CGA ACG GCG AAC TTC GCC GAT GAG AAT CCG ATC 1 0 8  

R Q V V S D S F H E L E S G I L H V V 5 0  
AGG CAA GTT GTT TCG GAC AGT TTC CAT GAA CTG GAA AGC GGA ATT CTC CAT GTG GTC 1 6 5  

G Q T R H A L S F A R F A R R Y G K R 6 9  
GGC CAG ACT CGT CAT GCT CTC TCC TTC GCT CGC TTT GCT CGC AGG TAT GGG AAG AGG 222 

Y D S V E E I K Q R F D I F L D N L E 8 8  
TAC GAT TCA G R  GAG GAG ATC AAG CAA AGG TTC GAC ATA TTT TTG GAC AAT TTG GAG 2 7 9  

M I N S H N D K G L S Y K L G V N E F  
ATG ATT AAT TCG CAT AAT GAC AAA GGA CTG TCA TAC AAA CTC GGT GTC AAT GAG TTT 

1 0 7  
3 3 6  

S D L T W D E F R R D R L G A A Q N C l 2 6  
AGT GAC CTA ACA TGG GAT GAA TTT CGG AGA GAT AGG CTG GGG GCA GCT CAA AAC TGT 3 9 3  

S A T T K G N L K L R D A V L P E T K  1 4 5  
TCT GCT ACA ACA AAG GGC AAT CTC AAG CTC CGT GAC GCT GTT TTG CCA GAG ACG AAA 4 5 0  

D W R L A G I V S P V 6  N Q G K C G S 1 6 4  
GAC TGG AGG GAA GCT GGG ATT GTC AGC CCA GTC AAG AAT CAG GGC AAG TGC GGT TCT 5 0 7  

C W T F S T T G A L E A A Y T Q K F G l 8 2  
TGC TGG ACA TTC AGC ACC ACT GGT GCA T E  GAG GCA OCA TAT ACC CAA AAA TTT GGG 5 6 4  
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F G C N G G L P S Q A P E Y I K S N G 2 2 1  
TTT GGC TGC AAC GGT GGA CTC CCA TCA CAA GCC TTT GAG TAC ATT AAA TCC AAT GGT 6 7 8  

G L E  T E E A Y P Y T G K N G L C K e 2 4 0  
GGT CTT GAA ACT GAA GAA GCA TAT CCA TAC ACC GGC AAG AAC GGC TTA TGT AAA TTC 7 3 5  

S S O N V G V K -259 
TCA TCA CAA AAT GTT GGT GTC AAA GTC ACT GAT TCT GTC AAT ATT ACC TTG GGT GCT 7 9 2  

GDELK Y A V A L V R P V S V A F E 2 7 8  
GAA GAT GAA TTA AAA TAC GCT GTT GCT CTG GTT AGG CCC GTT AGT GTT GCT TTT GAG 849 

V V K G F K Q Y K S G V Y T S T E C G 2 9 7  
GTA GTT AAA GGT TTC AAA CAG TAC AAG AGC GGA GTT TAT ACC AGC ACC GAG TGC GGA 906 

T T P M D V N H A V L A V G Y G V E Y 3 1 6  
ACC ACT CCC ATG GAT GTA AAC CAT GCT GTT CTT GCT GTG GGT TAC GGT GTT GAA TAT 963 

G V P F W L I K N S W O A D W G D N A 3 3 5  
GGT GTT CCC TTT TGG CTC ATC AAG AAC TCA TGG GGA GCA GAT TGG GGT GAC AAT GCA 1 0 2 0  

Y F K M E M G N D N C G I A T C A S Y 3 5 4  
TAT TTC AAA ATG GAG ATG GGT AAC GAC ATG TGT GGT ATT GCA ACT TGC GCA TCC TAC 1 0 7 7  

P V V A  3 5 8  
CCT GTC GTT GCT TDA GGT TCG GAG TAT GTA AAA TTT T I T  CAC CAA AGG GAA GTA GAC 1 1 3 4  

ATA AAC CCC ACG TA0 TCC TAG TTD ATG ATG CGG AAA ACA TCC AAG CTC CAT ACT CAG 1 1 9 1  

ATA CTT GTA TTA ATT GGA GAT CTC TAT GCA CGC GAA GAT GGT TTA GGC TAC TTA GTG 1 2 4 8  

AAA GAA TAA GAG ACA GGA AGC TGA A T I  CAC CAG ACA TAA ATT ATG AGA ATA ATC CCT 1 3 0 5  

ATD TAA ACT ATA CTT GTG TAA GTC A E  GGT TTA AAA AAA GGA AAA AAA AAA AAA 1 3 5 9  

Figure 1. Nucleotide and deduced amino acid sequence of PeTh3 
cDNA. Tryptic peptide sequences obtained from P21 are underlined. 
They are identical to the deduced amino acid sequence of PeTh3, 
except for an F instead of in the sequence translated from PeTh3. 

95 residues is known (Table I; Fig. 3). The similarity of 
PeTh3 to other plant thiol proteases, notably from So- 
lanaceae such as tobacco and tomato, is less (about 38% 
identity, 50% similarity, data not shown). The alignment of 
PeTh3 with thiol proteases from various origins shows that 
PeTh3 has the structural features of typical thiol proteases 
(Fig. 3). The amino acids C'65 and H305 in PeTh3 are con- 
served among thiol proteases, and they have been impli- 
cated in the catalytic reaction (Baker, 1980). Similarly, Q159, 

N305, S326, and W327, implicated in the structure of the 
active site of thiol proteases (Baker, 1980), are conserved in 
PeTh3. Finally, PeTh3 has six conserved Cys residues at 
positions 162, 196, 205, 238, 297, and 346 that are involved 
in disulfide bridge formation and that are typical of thiol 
proteases. 

The molecular mass of P21, estimated from 2D gels (28 
kD), is much less than that of the protein predicted from 
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Figure 2. Comparison of the deduced amino 
acid sequence of PePerl with anionic peroxi- 
dases from potato (Roberts et al., 1988) and 
tomato TAPl and TAPZ (Roberts and Kolat- 
tukudy, 1989). Tryptic peptide sequences ob- 
tained from P17 are underlined in the PePerl 
sequence. The multisequence alignment was 
made using the program MULTALIN (Corpet, 
1989). Shaded areas show sequences identical 
to PePerl. Dashes indicate gaps required for 
optimal alignment. Conserved Cys residues im- 
plicated in intramolecular disulfide bridge link- 
age are indicated by a diamond. Conserved his- 
tidines involved in acid/base catalysis and in the 
binding with heme iron are indicated by a solid 
triangle and square, respectively. Amino acids 
forming the catalytic site are indicated by open 
triangles. Amino acids in bold show potential 
glycosylation sites in PePerl . 

V 
p a t a t o  _----___---- SFVALALAGVAIYrWTYEALIMNNGSLLQNASPHFDSLESGVASILTLNN-KKRNSDMYLRQQLT 
T A P l  MGFRLSHLSLALSFVALALAGVAIYRNTYEAIIMKNGSLLKNVSPDFDSLESGVASILTLNNNKKRNSDKYLRQQLT 
T A ? 2  MGFRLSLLSLAVSLVALALAGVAIY~TYE~I~GSLLQNISPDIDSLESGEVSILILND-KK~SDKYLSQQLT 

w w47 
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P o t a t o  P E A C V F S  

T A P l  P E A C V F S  

T A P 2  Q E S C V F S  

6 6  
?e?erl 3rd- . ~ R D S W K L G C Q l ' I N V A L C R ~ D A ~ ~ ~ T ~ A L ' I P L P A P F D ~ T V ~ L T K F S 3 K ~ T D R E  
poea'L3 1 13 h I Q  N 'L. 
T h P l  I N  vs h S S I N  IQ L 
' ? A P ?  v3s TS LA 1 1 s I!1 s IQ V 

r 4  
PePerl ?NALVGA~T:T ' IGFASCA_VCVSI \?~NPML: .SCNCSVTQ"TNLQQLUI"PNV-FDR~ 
?ocaco R C  ' T G  o Q A L r x u -  r TNQ .K x .NI\?IQGIMFSDQVITG 

'.*AP1 R S  T G  : Ç h !."DS3I. .T ?I:- .K DN . N S E ; Q G I M F S 3 Q V L T G  

T R P 2  K S  ' T G  2 C A L I ' D S D I .  !' 'AV- K 'DN N % N Q G I I I F S I ) Q V L T G  

P o t a t o  D A T T A G F V T D Y S N D V S V F L G D F A A A M I K M G D L P P S A G A Q L S M  
T A P l  DATTAGFVTDYSNDVNVFLGDFAAAMIKMGDLPPSAGAQLEIRDVCSR~PTSVASM 
T A P Z  N T T T A G F V T T Y S N N V T V F L E D F A A A M I K M G N L P P S A G A Q L S M  

PeTh3 (39.2 kD). A similar situation also occurs in the case 
of aleurain. It is known that aleurain is first synthesized as 
a propeptide, of which the N-terminal 140-residue stretch 
is further cleaved (Holwerda et al., 1990). The PeTh3 N- 
terminal sequence beginning with a charged amino acid 
(R3) followed by 17 hydrophobic residues is typical of a 
signal sequence (Chrispeels, 1991). There is also a partia1 
homology between FZ4 and R3' in PeTh3 with two vacuolar 
targeting determinants that have been characterized in 
aleurain (Holwerda et al., 1992; Holwerda and Rogers, 
1993) (Fig. 3). P21, aleurain, and oryzain y are also highly 
similar to human cathepsin H, but t h e  homology i s  less in 
the N-terminal domain, which is a further indication of the 
specific targeting function of this domain. 

After remova1 of its N-terminal targeting signal, the 
cathepsin H protein has been reported to give rise, by 

proteolytic cleavage, to a peptide minichain, EPQNC- 
SAT, which is bound by a disulfide bridge to a Cys in the 
C terminus of the enzyme (Ritonja et al., 1988). A similar 
structural organization was also reported in aleurain 
(Holwerda et al., 1992, Holwerda, 1993). It is also con- 
served in oryzain y and PeTh3 (Fig. 3): the octapeptide 
stretch A"'AQNCSAT in PeTh3, is almost identical to 
the human cathepsin H minichain, and there is a con- 
served Cys residue in the C-terminal part of the four 
thiol proteases (C3"in PeTh3) that is involved, in cathep- 
sin H, in binding to the minichain. This structural orga- 
nization of the minichain region and at the C terminus is 
not conserved in a11 thiol proteases, but it is typical of 
these four proteins, as is the presence of two conserved 
potential glycosylation sites at positions N1" and NZ5* in 
PeTh3 (Fig. 3). 

Figure 3. Comparison of the deduced PeTh3 
amino acid sequence with the most homologous 
thiol proteases: barley aleurain (Rogers et al., 
19851, rice oryzain y (Watanabe et al., 1991), 
human cathepsin H (Fuchs et al., 1988), and 
Arabidopsis SAG2 (Hensel et al., 1993). The 
multisequence alignment was made using the 
program MULTALIN (Corpet, 1989). Shaded ar- 
eas show sequences identical to PeTh3. Dashes 
indicate gaps required for optimal alignment. 
Solid diamonds show conserved cysteines pre- 
dicted to form intrachain disulfide bonds in all 
thiol proteases; open diamonds show cysteines 
implicated, for cathepsin H, in binding the oc- 
tapeptide minichain EPQNCSAT to the C termi- 
nus of the protein. Amino acids involved in 
active site formation and in the catalytic reac- 
tion are indicated by open and solid triangles, 
respectively. The vacuolar targeting determi- 
nants of aleurain are underlined. Amino acids in  
bold show potential glycosylation sites in 
PeTh3. 
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Table 1. Homology of P21, a thiol protease from Petunia, with 
other thiol proteases from plants and animals 

The sequences have been aligned with the program MULTALIN 
(Corpet, 1989). Data are expressed as percent identity with P21 and, 
in parentheses, as percent similarity. Aleurain is from barley (Rogers 
et al., 19851, oryzain y from rice (Watanabe et al., 1991), and 
cathepsin H from human (Fuchs et al., 1988). The Arabidopsis SAG2 
sequence (Hensel et al., 1993) does not include the complete open 
reading frame of the protein but only 95 residues (Fig. 3). -, Incom- 
plete sequence. 

Whole SAC2 

Seauence Sequence 
Thiol Protease Polypeptide Overlapping 

Aleurain 71 (76) 86 (86) 
Oryzain y 67 (73) 79 (83) 
SAG2 - 86 (91) 
Catheusin H 46 (51) 65 (68) 

Cloning of PePerl, a Petunia cDNA for an 
Anionic Peroxidase 

A strategy similar to that described above was followed 
to search for a Pl7-specific cDNA. Two oligonucleotides 
deduced from peptide sequences of P17 enabled the am- 
plification by PCR and the cloning of PePerl, a 615-bp 
cDNA. This size was expected from the alignment of P17 
peptide sequences with peroxidases. The cDNA PePerl 
encodes a 205-amino acid sequence in which the four tryp- 
tic peptides identified by peptide sequencing from P17 are 
present (Fig. 2). 

Attempts to recover a complete cDNA homologous to 
PePerl in the Petunia cDNA library from flowers were 
unsuccessful. Nevertheless, the length of PePerl was suf- 
ficient for a structural analysis. The deduced protein se- 
quence of PePerl was most homologous (77-80% identity, 
84-86% similarity) to anionic peroxidases of potato (Rob- 
erts et al., 1988) and tomato (Roberts and Kolattukudy, 
1989). Further homologies, e.g. with other anionic peroxi- 
dases, were below 60% (data not shown). The molecular 
mass of P17 as estimated from 2D gels, 50 kD, was the same 
as that of the proteins deduced from the potato and tomato 
peroxidase cDNA. Amino acids that have been implicated 
in the catalytic reaction and in the binding of iron with the 
heme prosthetic group are a11 present in the PePerl-de- 
duced amino acid sequence (Fig. 2), which strongly rein- 
forces the identification of P17 as a bona fide peroxidase. 
Southern blot experiments revealed the presence in Petunia 
of at least four fragments of genomic DNA able to hybrid- 
ize to PePerl, of which three provided strong hybridization 
signals, which indicates a small gene family for this en- 
zyme in Petunia (data not shown). 

Expression of P21 and P17 Proteins in Petunia calli 

To approach the effect of cytokinin independently of 
organogenesis, we analyzed the expression of P21 and P17 
in Pefunia line St40, which is unable to regenerate in the 
conditions described above for the PC6 line. Although 
protoplasts and calli could repeatedly be obtained from the 
line St40 with a good efficiency, only unorganized callus 

growth occurred, rather than regeneration, whatever the 
concentrations of auxin and cytokinin in medium B (Fig. 4, 
A and B, and data not shown). It is important to note that 
the growth of St40 calli was dependent on cytokinin, since 
calli grown in the presence of 2.5 p~ 2iP were less than 50% 
of the size of those grown in the presence of 25 p~ 2iP (Fig. 
4A). 

Calli from the lines PC6 and St40 were cultured on 
medium B in the presence of 2.5 or 25 p~ 2iP, and the 
abundances of proteins P21 and P17 were checked in the 
calli after 28 or 36 d of culture. The 2D-PAGE patterns from 
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Figure 4. Crowth, regeneration, and accumulation of P21 and P17 
proteins in calli from the Petunia lines PC6 and St40 as a function of 
cytokinin concentration. Protoplast-derived calli grown for 21 d in 
medium C were further cultured on medium B containing either 2.5 
or 25 p~ 2iP. The culture period was 28 d for PC6 and 36 d for St40. 
The data are from one typical experiment. A, Mean fresh weight of 
the calli at the end of the culture period. 6, Regeneration rate 
measured as the relative number of calli forming buds at the end of 
the culture period, over a total of 36 to 48 calli. C and D, Absorbance 
of P21 (C) and P17 (D) proteins as shown by densitometric measure- 
ment of P21 and P17 spots on 2D gels. The absorbance of P21 and 
P17 is expressed relative to the absorbance of 1 2  spots remaining at 
constant leve1 in all conditions and is further normalized as percent 
of the maximum value (Renaudin et al., 1991 ). The data represent the 
mean value of absorbances on three 2D gels, with the SD values being 
below 15%. 
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the lines PC6 and St40 were mostly similar (Fig. 5). P21 and
PI 7 were putatively identified in 2D-PAGE patterns from
St40 as spots located in exactly the same place as in PC6
patterns. P21 and PI 7 were the most highly expressed in
PC6 calli when they were cultured in the presence of 2.5 JU.M
2iP, i.e. in nonregenerating conditions (Fig. 4, C and D).
However this was not the case for line St40, the calli of
which did not regenerate on the cytokinin-rich medium.
P21 was present at a negligible level in St40 calli whatever
the cytokinin concentration. P17 was detected in St40, as in
PC6, only in the presence of the lowest concentration of
cytokinin, although its abundance was less than 50% of that
from PC6 (Fig. 4D).

Expression of P21 and PI 7 mRNA in Petunia calli

The abundance of P21 and PI 7 mRNA in St40 and PC6
calli was estimated by northern blotting. A 1.4-kb tran-
script was detected with a P21-specific probe (Fig. 6). In
PC6, the level of P21 mRNA was higher after 28 d than
after 7 d. It was also consistently higher in the presence of
the lower cytokinin concentration. The differential effect of
cytokinin concentration on P21 mRNA level occurred as

PC6 St40

97.4 -

66.2 -
<

42.7 -

29.0 -

21.5 -

»..*>
V\

•k • • - 17
. £ __
I

\
21

42.7 -n>:

29.0 _

21.5 —A

17

'•„ \
21

Figure 5. 2D protein patterns of PC6 and St40 calli. Protoplast-
derived calli grown for 21 d in medium C were further cultured onto
medium B containing 2.5 ^M 2iP for 28 d in the case of PC6 (A) and
for 36 d in the case of St40 (B). Fifty micrograms of proteins were
separated by 2D-PAGE and silver stained. The locations of PI 7 and
P21 are indicated by arrows.
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Figure 6. Northern blot analysis of PeThS and PePerI expression in
calli from the Petunia lines PC6 and St40. Total RNA were extracted
after 7 and 28 d culture of calli on medium B in the presence of 2.5
J^M or 25 fj.M 2iP. They were successively hybridized with PCR-
amplified cDNA corresponding to P21 (a 350-bp cDNA also used for
the cloning of PeTh3) and to P17 (PePer!, a 615-bp cDNA) and with
NT7, a tobacco 25 S rRNA. The histogram below each photograph
panel shows the result of densitometric measurement of the autora-
diographs. For each line, the absorbances were normalized with the
signals of ribosomal RNA and are expressed as percent of the max-
imum value.

soon as d 7, i.e. 7 d earlier than the effect on P21 protein
(Renaudin et al., 1991), and it was more pronounced at that
time than at d 28. The abundance of P21 mRNA in St40 calli
was less than in PC6 calli. It was barely detectable at d 7
and accumulated to a significantly higher level, indepen-
dently of cytokinin concentration, at d 28.

PePerl hybridized with 1.4-kb RNA (Fig. 6), which will
be further referred to as PI 7 mRNA, although the possibil-
ity that several mRNA species hybridize with Peperi can-
not be excluded from Southern blot data. The pattern of
accumulation of P17 mRNA was very different in the two
lines PC6 and St40. PI 7 mRNA were present in PC6 to a
slightly higher level at d 7 than at d 28, whereas in St40
calli, P17 mRNA were present at a much lower level at d 7
than at d 28. Moreover, the level of PI 7 mRNA varied
differently in the two lines as a function of cytokinin con-
centration: in PC6 calli, it was higher in the presence of 2.5
JIM 2iP than in the presence of 25 JAM 2iP, whereas the
opposite situation occurred in 28-d-old St40 calli.

Expression of P21 and P17 mRNA in Petunia plants

We performed northern blot analysis with RNA from
leaves, roots, and flowers at different developmental stages
(Fig. 7). For lines PC6 and St40, the level of P21 and P17
mRNA varied according to the type of organ and the
developmental stage. However, the pattern of expression
was otherwise significantly different between PC6 and
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Figure 7. Northern blot analysis of PeTh3 and PePerl expression in
organs from Petunia plants of the lines PC6 and St40. Total RNA were
extracted from rosette, mature and senescing (yellow) leaves, roots
and flower buds, young unopened flowers, and mature flowers. They
were successively hybridized and quantitatively analyzed, as de-
scribed in Figure 6.

St40. P21 mRNA was almost undetectable in young rosette
leaves and flower buds from the line PC6. It became more
abundant in leaves and in flowers during aging, and it was
also relatively abundant in roots. In line St40, P21 mRNA
was almost undetectable in young and mature leaves and
in flowers whatever their age, but it accumulated to high
levels in senescing leaves and, to a lesser extent, in roots. In
both lines, the highest level of P21 mRNA expression was
encountered in senescing leaves.

P17 mRNA were almost undetectable in young and ma-
ture leaves from line PC6 (Fig. 7). They were highly accu-
mulated, in this line, in old leaves, roots, and unopen
flowers. In St40, P17 mRNA were only detected in senesc-
ing leaves and flower buds.

DISCUSSION

We have previously analyzed the cytokinin-controlled
transition from callus to vegetative bud by describing the
2D-protein patterns of Petunia calli during this process
(Renaudin et al., 1991). The abundance of a group of pro-
teins increased after subculture of the calli in the presence
of a concentration of cytokinin too low to achieve organo-
genesis. They attracted our interest because their induction
occurred earlier than macroscopic differences, e.g. size,
color, and regeneration, in calli cultured in the presence of
a low, as compared with a high, concentration of cytokinin.
In the present study, we show that two of these proteins,
P21 and P17, are a thiol protease and an anionic peroxidase,
respectively. We have cloned two corresponding cDNA,
PeThS and PePerl, and we present data about the mecha-
nisms that trigger their expression in vitro.

Structural Analysis and Expression of the Thiol Protease

Several criteria indicate that PeThS is the cDNA actually
encoding P21. PeThS contains all the sequences of tryptic
peptides of P21, and it encodes a protein of the same
molecular weight as P21. Finally, it occurs as a single gene
in the Petunia genome. PeThS has a complete open reading
frame which, when translated, has the constitutive features
of a thiol protease. Thiol (Cys) proteases (EC 3.4.22), are a
group of proteases with related structures that contain an
essential Cys residue involved in a covalent intermediate
complex with the substrate (Bond and Butler, 1987). Thiol
proteases are assigned various functions within animal and
plant cells, among which is the extensive degradation of
proteins during their routine turnover in the cytosol, lyso-
somes, or vacuoles (Bond and Butler, 1987). In plants, the
most extensively characterized thiol proteases are con-
nected with the mobilization of seed reserves (Holwerda
and Rogers, 1993). PeThS is highly homologous to two such
thiol proteases from barley, aleurain (Rogers et al., 1985),
and rice, oryzain y (Watanabe et al., 1991), which are
specifically induced in aleurone layers during germination.
Recently, a partial cDNA named SAG2, coding for a thiol
protease closely related to aleurain and oryzain y, was
cloned in Arabidopsis leaves where it was induced early
during senescence (Hensel et al., 1993).

Sequence analysis shows that aleurain, oryzain y, P21,
the protein encoded by SAG2, and mammalian cathepsin H
form a highly conserved subgroup of thiol proteases (Table
I; data not shown). Remarkably, cathepsin H and aleurain
are the only two proteases that have been shown so far to
possess an aminopeptidase activity in addition to endopro-
tease activity (Schwartz and Barrett, 1980; Holwerda and
Rogers, 1993). Both of them belong to the same structural
subgroup, so the high level of conservation among this
subgroup is likely related to this functional similarity.

RNA and protein analyses showed that PeThS was dif-
ferentially expressed according to developmental and en-
vironmental conditions. The large variation of PeThS
mRNA indicated the regulation of expression at the tran-
scriptional level. However, PeThS mRNA were found in
two situations in which no P21 protein was detected: in
7-d-old calli from the line PC6 (Renaudin et al., 1991; Fig. 6)
and in 28-d-old calli from the line St40 (Figs. 4C, 6). Thus,
although our northern blotting protocol may be more sen-
sitive than densitometric measurement of the protein on 2D
gels, posttranscriptional regulation of PeThS expression
cannot be excluded.

PeThS mRNA was found in all of the organs of Petunia
plants. Its abundance increased in leaves and flowers dur-
ing aging and culminated in senescing leaves. This pattern
of expression, together with the structural similarity,
makes PeThS the Petunia homolog of Arabidopsis SAG2
(Hensel et al., 1993). In the absence of data relating their
expression to senescence, this comparison cannot be ex-
tended to the other plant thiol proteases of the same group.
It should be stressed, however, that, whereas oryzain y is
expressed only in germinating seeds and not in shoots or
roots (Watanabe et al., 1991), the expression of aleurain was
not restricted to aleurone cells, but rather it also occurred
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constitutively at high levels in leaf and root tissues (Rogers 
et al., 1985). 

Structural Analysis and Expression of the 
Anionic peroxidase 

A truncated cDNA, PePerl, was cloned by using peptide 
sequences from P17. The identification of P17 as an anionic 
peroxidase is very likely because PePerl has a11 of the 
peptides sequenced from P17, and P17 has the same mo- 
lecular weight as peroxidases homologous to PePerl. How- 
ever, whether PePerl is actually the cDNA specific to P17 
remains unknown. Southern blot hybridization revealed 
the presence of approximately four homologous genes in 
the Petunia genome. Thus, the assay of mRNA by northern 
blotting using PePerl as probe provides only a preliminary 
analysis of the combined expression of a11 of these genes. 
Peroxidases are considered reliable indicators of senes- 
cence in plant tissues (Birecka et al., 1979; Gaspar et al., 
1982; Abeles et al., 1988; Tadeo and Primo-Millo, 1990). It 
was thus not surprising to find a high expression of P17 
mRNA in senescing Petuniu leaves. But, in contrast to the 
case of P21 mRNA, P17 mRNA were also more abundant in 
young flower buds than in open mature flowers. The ex- 
pression of p17 mRNA in plants was thus not correlated 
with aging in a11 organs. 

The abundance of P17 did not parallel that of the mRNA 
hybridizing to PePerl in a11 cases. These latter were more 
abundant in 7-d-old PC6 calli than in 28-d-old calli, 
whereas P17 was not detected in the former (Renaudin et 
al., 1991, Figs. 5D, 7). In 28-d-old St40 calli, mRNA hybrid- 
izing to PePerl were slightly more abundant in the pres- 
ente of the higher cytokinin concentration, although there 
was significantly less P17 protein. These results are likely 
to be due to the occurrence of severa1 P17-related mRNAs, 
although the posttranscriptional control of P17 abundance, 
which is especially relevant in the case of peroxidases, 
cannot be excluded. The diversity of peroxidase isoforms in 
plants arises by various posttranslational modifications of 
a smaller number of gene products (Gaspar et al., 1982). In 
Petunia, three structural genes encode the three major per- 
oxidase isoenzyme families in leaf extracts, two of which 
are anionic (Van der Berg and Wijsman, 1981). Whether P17 
belongs to one of these families remains an open question. 

PePerl has a high homology with two Solanum anionic 
peroxidases, one from potato and two, TAPl and TAP2, 
from tomato. As with PeTh3, this strikingly high homology 
likely reflects some common functional properties, al- 
though the functions performed in vivo by these enzymes 
remain unknown. The potato and tomato peroxidases have 
not, as yet, been associated with senescence. They are 
induced in tomato fruits and potato tubers by perturba- 
tions leading to suberization, such as pathogen infection, 
elicitor or ABA treatments, or wound healing (Roberts et 
al., 1988; Roberts and Kolattukudy, 1989). ABA also in- 
duces their expression in potato and tomato callus (Roberts 
and Kolattukudy, 1989). However, the expression of TAPl 
is also developmentally regulated in the exocarp of green 
tomato fruits (Sherf and Kolakuttudy, 1993), which sug- 
gests that the peroxidase could fulfill an alternative func- 

tion in the plant other than that related to defense response 
mechanisms. 

P21 and P17 Are Early Markers of a Senescence Program 
Triggered by a Low Concentration of Cytokinin 

The induction of PeTh3 and PePerl in Petunia calli from 
line PC 6 was detected after 7 d (mRNA) or 14 d (proteins) 
(Renaudin et al., 1991) of subculture in the presence of a 
low, as compared with a high, concentration of cytokinin. 
At these times, callus growth and morphology were the 
same in the presence of either concentration of cytokinin. 
Calli cultured on the low cytokinin medium stopped grow- 
ing after 3 weeks (Fig. 4A) (Renaudin et al., 1991) and 
became senescent about 2 weeks later. Considering that 
senescing leaves display a high level of expression of 
PeTh3 and PePerl, the induction of these genes in calli may 
be considered to be associated with a phenomenon trig- 
gered by the low level of cytokinins, i.e. the onset of 
senescence. Severa1 genes have already been shown to be 
down-regulated by cytokinins, but their association with a 
biological response controlled by cytokinins remains un- 
clear (Crowell and Amasino, 1991; Watillon et al., 1991; 
Binns, 1994; Teramoto et al., 1994). It is interesting to note 
that SAM22, a gene induced by cytokinin starvation in 
soybean cells (Crowell and Amasino, 1991), was also the 
most expressed in senescing leaves, in addition to be de- 
velopmentally and stress regulated (Crowell et al., 1992). 

Although it is likely that a11 of the phytohormones are 
involved in the control of senescence, most research has 
concentrated on the role of cytokinins (Smart, 1994). When 
applied exogenously, cytokinins exert a senescence-retard- 
ing activity on leaf tissues (Noodén and Letham, 1993; 
Smart, 1994), and recent results from the assay of endoge- 
nous cytokinins (Singh et al., 1992; Noodén and Letham, 
1993) and overproduction of cytokinin in transgenic plants 
(Smart et al., 1991; Li et al., 1992) have confirmed that 
cytokinins are one of the endogenous signals regulating 
leaf senescence. Our results suggest that lowering the total 
cytokinin content of calli, which ultimately results in 
growth arrest and senescence, induces the expression of 
PeTh3 and PePerl at an early stage of this process. PeTh3 
and PePerl are likely to be two of the many genes whose 
expression is modified by senescence, since this phase of 
plant development is accompanied by major changes in 
gene expression (Becker and Apel, 1993; Hensel et al., 1993; 
Lohman et al., 1994; Smart, 1994). The up-regulation of a 
thiol protease activity in this context, as also demonstrated 
in senescing Arabidopsis (Hensel et al., 1993; Lohman et al., 
1994) and maize (Smart et al., 1995) leaves, would be in the 
initiation of nutrient mobilization during the early stages of 
senescence, as well as in the autolytic process in later 
stages. 

The expression pattern of PeTh3 and PePerl was found 
to be somewhat different in line St40 compared with line 
PC6. In whole plants, these genes were mostly expressed 
only in senescing leaves of St40, whereas in PC6 they were 
also expressed in younger leaves and in other organs, 
although at a level somewhat lower than that found in 
senescing leaves. In calli, the expression of PeTh3 and 
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PePerl at the RNA leve1 was much greater in older calli 
(after 28 d of culture) than in younger calli (after 7 d of 
culture) in St40, whereas for PC6, the difference of expres- 
sion between these two growth periods was not as great. 
These data suggest that the expression of PeTh3 and PePerl 
is more tightly associated with late stages of senescence in 
St40 than in PC6. 

Leaf explants of the tine St40 regenerate rapidly and with 
a high efficiency (Auer et al., 1992), higher than the line 
PC6 (Dulieu et al., 1983). Surprisingly, protoplast-derived 
St40 calli turned out to be unable to regenerate buds with 
the protocol described for PC6. Moreover, St40 calli did not 
regenerate whatever the hormonal content (auxin and cy- 
tokinin) in the callus growth medium and during the re- 
generation step. When growth occurred, it led to actively 
proliferating, unorganized calli (data not shown). The op- 
posite results of the two Petuniu lines for regenerating from 
leaf explants or from protoplast-derived calli further dem- 
onstrate the strong interaction between the differentiation 
status of plant explants and their competence toward re- 
generation (Halperin, 1988). The high efficiency of regen- 
eration from leaf explants of the St40 line has been 
associated with its high rate of uptake and metabolism of 
BA, an exogenous cytokinin (Auer et al., 1992), and its 
capacity to form a BA disaccharide conjugate (Auer and 
Cohen, 1993), which suggests that a functional difference 
with the line PC6, considering regeneration, is related to 
cytokinin signaling. 

The two Petunia lines PC6 and St40 respond differently to 
in vitro organogenesis and senescence-associated gene ex- 
pression. Cytokinins are a common signal for these other- 
wise different developmental pathways. Although the ge- 
netic backgrounds of the two lines are quite different, our 
results suggest that they are likely to display a major 
difference in cytokinin metabolism and] or sensitivity, 
which accounts for differences in two cytokinin-controlled 
responses: regeneration and senescence. 
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